ABSTRACT: Maceration and evening-cutting are 2 forage management techniques that have independently improved forage quality and nutrient utilization in ruminants, but have not been evaluated in combination. Using a dual-fl ow continuous culture fermenter system, this preliminary study was designed to evaluate the individual and combined effects of time of cutting and maceration on in vitro ruminal digestion, nutrient fl ows, and microbial protein synthesis. Forages were harvested as hay from a timothy (Phleum pratense L.)-birdsfoot trefoil (Lotus corniculatus L.) stand in the morning (AM) or evening (PM). Half of each morning-and evening-cut treatment was macerated (AM-M, PM-M). The chemical composition (DM, OM, CP, NDF, ADF), including nonstructural carbohydrates (NSC) and water-soluble carbohydrates (WSC), was determined for each of the 4 treatments (AM, AM-M, PM, PM-M). Forages were ground to 2 mm and allocated to separate fermenters at 60 g of DM/d in a 4 × 4 Latin square design. Fermenters were operated over four 10-d periods with the fi rst 7 d for adaptation followed by 3 d of sampling. Eveningcutting enhanced the apparent digestibility of NDF (P = 0.02) and ADF (P = 0.006), with a tendency (P < 0.10) for improved true DM digestibility and microbial protein synthesis. Molar proportions of individual VFA were not affected (P > 0.10) by time of cutting, though evening-cutting increased (P = 0.02) total concentration of VFA. Maceration had no effect (P > 0.10) on true nutrient digestibility or microbial protein synthesis. An interaction of time of cutting and maceration (P < 0.05) was observed whereby maceration decreased true DM and OM digestibilities in evening-cut treatments, but had no effect in morning-cut treatments. Similarly, maceration reduced total N supply (P < 0.001) and molar proportions of acetate (P = 0.04) and increased molar proportions of propionate (P = 0.01) in evening-cut treatments with no effect on morning-cut treatments. These results indicate that independent use of evening cutting increased fi ber digestibility and total VFA concentration, and independent use of maceration shifted molar proportions of VFA toward glucogenic fermentation. The combined use of these management techniques afforded no improvement for in vitro digestibility or metabolism when applied to morning-cut hay, and decreased nutrient digestibility when applied to evening-cut hay. Due to inherent limitations of in vitro systems, the results of this study should be interpreted with caution. Further in vivo studies are needed to support our conclusions.
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INTRODUCTION
Strategies to improve N use effi ciency of dairy cows warrant investigation as producers face heightened environmental regulations and economic constraints (Lynch et al., 2003) . Evening-cutting and mechanical maceration are 2 forage management strategies that independently improved N metabolism (Brito et al., 2009) or in vitro microbial growth (Hong et al., 1988) and milk yield in dairy cows (Broderick et al., 1999; Brito et al., 2008) . Because most forage sources are high in RDP but relatively low in nonstructural carbohydrates (NSC), feeding evening-versus morningcut forage increased N utilization and microbial protein synthesis (Brito et al., 2009 ) in dairy cows due to a better balance of nutrients in the rumen (Dewhurst et al., 2000) . Separately, maceration increases the surface area available for microbial attachment in the rumen, potentially improving forage digestibility and animal performance (Hintz et al., 1999) . Field studies, however, demonstrated both increased (Agbossamey et al., 1998) and decreased (Agbossamey et al., 2000) forage nutrient values in response to maceration, particularly because maceration preserves DM yield under dry conditions, but increases nutrient losses under humid conditions. Although ruminant responses to maceration and time of cutting have been studied independently, the effects of these combined strategies have not been evaluated.
We hypothesized that evening-cut forages would stimulate microbial protein synthesis and improve nutrient digestion in continuous culture due to the increased availability of readily-fermentable energy. Because maceration increases the surface area available for microbial attachment (Hong et al., 1988) , it was also hypothesized that microbial protein synthesis would increase in macerated treatments, most notably in those with a greater concentration of NSC. The objectives of this study were to evaluate i) the effects of time of cutting, and ii) mechanical maceration of birdsfoot trefoil-timothy hay on in vitro nutrient digestibility, microbial protein synthesis, and nutrient metabolism in a dual-fl ow fermenter system.
MATERIALS AND METHODS
The ruminal fl uid donor animal was cared for according to the guidelines stipulated by The Pennsylvania State University Animal Care and Use Committee.
Site, Experimental Design, and Treatments
This study was conducted at the USDA-ARS Pasture Systems and Watershed Management Research Unit, University Park, PA between June and August 2009. Four experimental treatments of a legumegrass hay mixture consisting of birdsfoot trefoil and timothy were randomly applied to a 4-unit dual-fl ow continuous culture fermenter system in a 4 × 4 Latin square design. Each experimental period included a 7-d dietary adaptation period, followed by a 3-d sampling period. Treatments were arranged in a 2 × 2 factorial as follows: i) evening-cut birdsfoot trefoil-timothy hay (PM); ii) evening-cut birdsfoot trefoil-timothy hay that had been macerated (PM-M); iii) morning-cut birdsfoot trefoil-timothy hay (AM); and iv) morning-cut birdsfoot trefoil-timothy hay that had been macerated (AM-M).
Forages for Fermenter Diets
Forages were harvested as hay from a mixed birdsfoot trefoil-timothy stand in Kapuskasing, ON, Canada (49°24´ N, 82°26´ W, 218 m above sea level). At time of harvest, trefoil and timothy were at the early fl owering and fully headed stages of development, respectively. The stand had a botanical composition (DM basis) of 43% birdsfoot trefoil (cv. Bull), 53% timothy (cv. Richmond), and 4% weeds, as determined by hand separation (Lafrenière and Drapeau, 2011 
Continuous Culture Operation
A 4-unit dual fl ow continuous culture fermenter system, similar to that described by Hoover et al. (1989) and located at the USDA-ARS Pasture Systems and Watershed Management Research Unit, was used in this study with these modifi cations: pH was not controlled, diets were not pelleted, fermenter volumes ranged from 1120 to 1140 mL, and urea was added to the mineral buffer solution at a rate of 0.4 g/L to simulate recycled N (Weller and Pilgrim, 1974) . Solid mean retention time, solid dilution rate, and liquid dilution rate of fermenters were 12.5%/h, 8%/h, and 17.5%/h, respectively, and achieved by regulation of buffer input and fi ltrate removal. Values for solid and liquid dilution rates were based on rates previously determined for cows on a predominately forage diet (Loor et al., 2003) . Fermenters were maintained at a constant temperature of 39°C and were continually purged with N 2 gas to preserve anaerobiosis.
All fermenters were manually supplied with 60 g DM/d. To simulate the feeding regimen of a dairy herd, fermenters were fed equal amounts of forage (30 g DM/ feeding) at 12 h intervals (0700 and 1900 h) each d.
Approximately 3 h after the morning feeding, 6 L of ruminal fl uid and 3 handfuls (approximately 500 mL) of ruminal digesta were collected from 1 ruminally-cannulated multiparous lactating Holstein cow fed a total mixed ration (DM basis; 52.4% corn silage, 11.4% haylage, 9.4% ground corn, 5.0% canola meal, 4.7% cookie meal, 4.4% cooked soybeans, 4.2% sugar, 3.8% cottonseed hulls, 2.7% grass/straw hay, 0.2% urea, and 1.8% minerals and vitamins [13.6% Ca, 5.5% NaCl, 4.6% Mg, 2.1% Na, 0.2% P, 0.1% K, 6.80 mg/kg Se, 265,000 IU/kg vitamin A] ad libitum in the barn during the day (0730 to 1730 h), and turned out on a mixed timothy-orchardgrass (Dactylis glomerata L.) pasture overnight (1900 to 0600 h). Liquid samples were collected from the dorsal and ventral sections of the rumen of the donor animal using a hand pump, and whole digesta samples were collected by hand from the ventral, central, and dorsal areas of the rumen. To maintain sample temperature at 39°C, liquid and whole digesta samples were placed in separate prewarmed insulated containers for transport to the laboratory. The liquid portion of the ruminal fl uid was strained though 4 layers of cheesecloth within 15 min of collection, and fermenters were inoculated with approximately 1 L of liquid ruminal fl uid and 25 g of ruminal digesta.
Sample Collection and Analyses
Fermenters were operated for 4 consecutive 10-d periods. Each experimental period consisted of a 7-d diet adaptation period followed by a 3-d sampling period. Fermenter pH was recorded daily at 0700, 1030 , 1430 , and 1900 . Solid and liquid effl uent were collected from d 8 to 10 into 4-L plastic effl uent jugs immersed approximately one-third of the way in a chilled (4°C) water bath to inhibit microbial fermentation. Nutrient Flows. Solid and liquid effl uent weights were recorded daily for the fi rst 7 d at 1430 h and discarded. The solid and liquid effl uent samples were collected from d 8 to 10, composited by treatment, and homogenized for 2 min using a stir plate (Corning model PC-420, Corning Life Sciences, Lowell, MA) before a 100-mL subsample was collected and stored at 4°C for determination of effl uent DM content. A homogenous daily effl uent subsample of 600 mL was also collected, pooled over the 3 d (total 1.8 L), and frozen at -20°C for later analysis of bacterial protein synthesis. An additional 50-mL subsample of effl uent was collected, strained through 8 layers of cheesecloth, and a 15-mL aliquot of fl uid preserved with 3 mL of 25% metaphosphoric acid and 3 mL of 0.6% 2-ethylbutyric acid (internal standard), swirled, and frozen at -4°C for NH 3 -N (Yang and Varga, 1989) and VFA (Rumen Fermentation Profi ling Laboratory, West Virginia University) analyses. A 1-L subsample was also taken from the same homogenized effl uent from d 8 to 10 and composited by fermenter and period. Effl uent composite (approximately 3 L per fermenter per period) was mixed using a 4-L Waring blender (Waring, New Hartford, CT). Effl uent was freeze dried and manually ground through a 1-mm sieve (USA Standard Testing Sieve, Newark Wire Cloth Company, Clifton, NJ) and stored at ambient (22°C) temperature before analysis.
Fermentation Products. On d 9 of each sampling period, temporal patterns of ruminal pH, NH 3 -N, and VFA were measured. The pH was recorded (Beckman model 360, Beckman Instruments, Fullerton, CA) directly from the fermenter vessels at 0700 (prefeeding), 0800, 0900, 1000, 1100, 1200, 1300, 1500, 1700, and 1900 h. A 15-mL aliquot was concurrently collected from each fermenter vessel via pipette (Rainin Instruments, Woburn, MA) and prepared as described previously for VFA and NH 3 -N analyses.
Bacterial Isolation and Bacterial Protein Synthesis. On the last day of each experimental period, microbes were harvested by mixing fermenter contents for 30 s in a Waring blender (Waring, New Hartford, CT) and straining through 2 layers of 53μm Nitex mesh (Wildco, Buffalo, NY). Strained contents were centrifuged at 10,000 × g for 10 min at 4°C to remove feed particles (de Veth and Kolver, 2001 ). Microbes were isolated by centrifuging at 20,000 × g for 30 min at 4°C (Beckman J2-21, Beckman Instruments, Palo Alto, CA) and prepared for analysis by freeze drying and grinding with a mortar and pestle.
Nutrient Analyses. All forage nutrient analyses were conducted at the USDA-ARS Pasture Systems and Watershed Management Research Unit, with the exception of water-soluble carbohydrates (WSC), which was conducted at the Agriculture and Agri-Food Canada/Dairy and Swine Research and Development Centre, Sherbrooke, QC, Canada, according to Dubois et al. (1956) . Samples of the forages and effl uent were analyzed for DM and OM (Methods 930.15 and 942.05, respectively; AOAC, 2000) . The CP content of the forages and effl uent was determined by microKjeldahl digestion (Method 976.06, AOAC, 2000) using 75-mL calibrated tubes with CuSO 4 /K 2 SO 4 catalyst. The methods of Van Soest et al. (1991) were used in the analysis of ADF and NDF with amylase and sodium sulfi te used in the NDF procedure (inclusive of ash). The NSC concentration was determined using the procedures of Burns et al. (2005) , modifi ed to use potassium ferricyanide as the colorimetric indicator. Purine concentrations in effl uent and bacterial isolates (Zinn and Owens, 1986) were used to partition effl uent N fl ow into bacterial and nonbacterial fractions, to calculate true DM and OM digestibilities and fl ows (Stern and Hoover, 1990) , and to calculate effi ciencies of microbial protein synthesis (Bach et al., 1999) .
Statistical Analysis
Fermenter data were analyzed as a 4 × 4 Latin square design using the MIXED procedure (SAS Inst. Inc., Cary, NC). The model used for each dependent variable was Y ijk = μ + P i + F j + T k + E ijk , where Y ijk = observations for dependent variables, μ = population mean, P i = mean effect of ith period, F j = mean effect of jth fermenter, T k = mean effect of kth treatment, and E ijk = residual error. Orthogonal contrasts for the main effects of treatment were tested using morning-cut (AM, AM-M) vs. evening-cut (PM, PM-M) treatments, macerated (AM-M, PM-M) vs. nonmacerated (AM, PM) treatments, and interaction effects. All terms were considered fi xed except F j and E ijk , which were considered random.
This model was fi tted for variables with repeated measures over time used for analysis of temporal patterns of ruminal fermentation (pH, NH 3 -N, and VFA):
where Y ijk = observations for dependent variables, μ = population mean, P i = mean effect of ith period, F j = mean effect of jth fermenter, T k = mean effect of kth treatment, E ijk = whole plot error, H l = mean effect of lth hour postfeeding analyzed as repeated measures, HT lk = interaction between lth hour and kth treatment, and E2 ijkl = subplot residual error. The spatial covariance structure AR(1) was retained in the fi nal model. All terms were considered fi xed except F j , E1 ijk and E2 ijkl , which were considered random. Variables with repeated measures over time were normalized by subtracting the time 0 value from each fermenter to yield a relative change from baseline. All reported values are least squares means. Signifi cance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10 for all analyses.
RESULTS

Forage Composition
Data characterizing mean nutrient profi les of coresampled bales, before compositing by treatment, is presented in Table 1 . However, the use of composited samples for administration to fermenters precluded statistical comparison of treatment diets.
Nutrient Digestibility
Time of cutting by maceration interactions were observed for true DM (P = 0.03) and OM (P = 0.04) digestibilities, whereby the PM and AM-M treatments had greater (P < 0.05) average true DM and OM digestibility than the other treatments (Table 2) . A tendency (P = 0.09) for increased true DM digestibility was observed in evening-cut treatments. Apparent digestibilities of NDF (P = 0.02) and ADF (P < 0.01) were greater in eveningcut forages. This was infl uenced by the PM treatment, which had apparent NDF and ADF digestibilities of 65.7 and 66.1%, respectively. Maceration did not affect apparent (P > 0.10) DM, OM, NDF, true DM, or true OM digestibilities, although apparent ADF digestibility tended (P = 0.08) to decrease in response to maceration. 2 Botanical composition: timothy = 53%; birdsfoot trefoil = 43%; weeds = 4%. Stage of maturity at harvest: timothy = fully headed; birdsfoot trefoil = early fl owering.
3 PM = evening-cut, nonmacerated; AM = morning-cut, nonmacerated; PM-M = evening-cut, macerated; AM-M = morning-cut, macerated.
4 NSC = nonstructural carbohydrate.
Tendencies for a time of cutting by maceration interaction were observed for apparent digestibilities of DM (P = 0.07), OM (P = 0.09), and NDF (P = 0.06). This interaction was signifi cant (P = 0.02) for apparent ADF digestibility. Apparent digestibility of NSC was not affected (P > 0.10) by treatment.
In Vitro Ruminal Metabolism
Over the 3-d sampling period, mean ruminal pH decreased (P = 0.01) for macerated treatments (AM-M, PM-M; Table 3 ). Analysis of temporal fl uctuations in pH revealed no interaction (P > 0.10; data not shown) of treatment by sampling time. Total VFA concentration over the 3-d sampling period was greater (P = 0.02) in evening-cut as compared with morningcut treatments, and greater (P = 0.01) in nonmacerated vs. macerated treatments. A tendency (P = 0.06) for a time of cutting by maceration interaction was observed for total VFA concentration on account of the greater total VFA concentration observed in the PM treatment. Interactions between time of cutting and maceration were observed for molar proportions of acetate (P = 0.04), propionate (P = 0.01), isobutyrate (P = 0.03), and the acetate:propionate ratio (P = 0.01) whereby molar proportions of propionate decreased, and molar proportions of acetate and isobutyrate increased, in response to the PM and AM-M treatments. Time of cutting had no effect on molar proportions of individual VFA. Reduced molar proportions of isobutyrate (P = 0.01) and greater proportions of valerate (P = 0.04) were observed in response to maceration. A tendency (P = 0.06) for reduced molar proportions of acetate in response to maceration reduced (P = 0.02) the acetate:propionate ratio in the macerated treatments. Molar proportions of butyrate were not affected (P > 0.10) by time of cutting or maceration. Temporal patterns of ruminal fermentation indicate a signifi cant (P = 0.02) treatment by sampling time interaction for molar proportions of propionate, due to the divergent response in the PM-M treatment over time (Fig. 1) .
Nitrogen Metabolism
The NH 3 -N concentration was greatest (P = 0.04) for morning-cut treatments (Table 4) . However, digestibility of CP was not affected (P > 0.10) by maceration or time of cutting. An interaction (P < 0.001) between time of cutting and maceration was recorded for total N supply, due to the greater N supply in the PM treatment. When expressed as grams per day, total N, non-NH 3 -N, and dietary N were not affected (P > 0.10) by maceration or time of cutting. The NH 3 -N (g/d) fl ow was greater (P = 0.03) for morning-cut forages, but was not affected (P > 0. 10) by maceration. Bacterial N tended (P = 0.08) to be greater in nonmacerated forages, primarily due to the increased bacterial N fl ow in the PM treatment. When expressed as a percentage of total N fl ows, NH 3 -N and non-NH 3 -N were not affected (P > 0.10) by treatment. However, bacterial N tended (P = 0.08) to be increased for the evening-cut forages, whereas dietary N tended (P = 0.08) to be decreased in evening-cut forages. These tendencies appear to be infl uenced by the PM diet. Effi ciencies of bacterial N synthesis were not affected (P > 0.10) by treatment.
DISCUSSION
Time of Cutting
Diurnal variations in the chemical composition of grass and legume (Burns et al., 2005) forages have important consequences on nutritive value. The diurnal variation in NSC concentrations among evening-and morning-cut treatments was minimal (14%), likely due to wet and overcast weather conditions. Before harvest, 13.2 mm of precipitation fell on fi elds over a period of 3 d, during which time daytime temperature averaged 17.6°C and humidity averaged 79.7% (data not shown). Under fi eld-grown and controlled conditions, others have observed diurnal increases of 26% (Pelletier et al., 2009 ) and 29% , respectively, for NSC of evening-vs. morning-cut timothy. Despite the slight diurnal variation in NSC, there was an increase (+23%) in WSC in evening-compared with morning-cut treatments. Others have reported a 28% (Pelletier et al., 2009 ) to 33% increase in WSC of timothy harvested later in the day. Increases in WSC of 19% have also been reported in alfalfa in response to evening-cutting (Brito et al., 2008) , although the diurnal response of birdsfoot trefoil has not been documented.
Concentrations of NDF and ADF in eveningcut treatments appear to be reduced by 4 and 6%, respectively, when compared with morning-cut treatments. This reduction in fi ber content of the evening-cut hay corresponds to an increase in NSC concentrations, and may be attributed to the dilution effect that occurs with increasing NSC (Brito et al., 2008) . Bertrand et al. (2008) also reported slight reductions in the concentrations of NDF and ADF with increasing NSC for evening-cut timothy.
Improved digestion of fi ber fractions in response to evening-cut treatments was possibly associated with the increase in WSC. Hiltner and Dehority (1983) reported a decreased lag time for cellulolytic fermentation when glucose or cellobiose was added to pure cultures of ruminal bacteria. Although it is not unusual for ADF digestibility to increase in PM-cut forages in vivo (Burns et al., 2005; Huntington and Burns, 2007) and in vitro (Berthiaume et al., 2010) , the magnitude of increase in ADF digestibility in the current study was greater than what has been previously observed. Although there is no obvious explanation for these differences based on treatment, it is possible that a subsampling error may have resulted in comparison of samples containing more legumes, which would have confounded the effect of cutting time with that of species, as grasses and legumes vary in ADF digestibility.
Despite the improved apparent NDF and ADF digestibilities, the effects of time of cutting on DM and OM digestibilities were evident only from the tendency for evening-cut treatments to have improved true DM digestibility. Bertrand et al. (2008) reported no time of cutting effect on in vitro true DM digestibility of timothy in a study with similarly small differences in the concentration of NDF between morning and evening harvests. Improved fi ber digestibility in the present study may have imparted only a limited infl uence on DM and OM digestibilities because of possible differences in fi ber concentrations among the treatments, or because results from orthogonal contrasts comparing the digestibility of evening-cut (PM, PM-M) and morning-cut (AM, AM-M) treatments were impacted by the divergent effects of maceration on morning-and evening-cut treatments.
Although greater total VFA concentrations were observed in response to evening-cut treatments, molar proportions of VFA were not affected by time of cutting. An increase in the availability of NSC to ruminal microbes has generally indicated increased molar proportions of propionate and decreased proportions of acetate (Bach et al., 1999; Lee et al., 2003; Berthiaume et al., 2010) . Data from the present trial support these fi ndings, as the greatest proportion of propionate was recorded for the treatment with the greatest concentrations of NSC. Because the tendency for increased true DM digestibility of evening-cut treatments was not accompanied by changes in the molar proportions of VFA, it is uncertain if improvements in DM digestibility were mediated by increased concentrations of NSC in evening-cut diets. In studies reporting signifi cant changes in the molar proportions of VFA in response to energy supplementation or content, treatment diets contained greater differences in WSC or NSC than in the current study (Stokes et al., 1991; Bach et al., 1999; Berthiaume et al., 2010) .
Tendencies for decreased dietary N fl ow and increased bacterial N fl ow in evening-cut treatments, when expressed as a percentage of total N fl ow, support the hypothesis that evening-cutting improves microbial protein synthesis. Rook et al. (1987) suggested that increased concentrations of NSC improve the ability of ruminal microbes to capture and utilize NH 3 -N for protein synthesis. When comparing morning-vs. evening-cut forages in the current study, NSC and WSC were 13.5 and 18.3% less, respectively, for the morningcut forages. The reduced concentration of NH 3 -N in response to evening-cut treatments indicated enhanced bacterial utilization of dietary N. Bach et al. (1999) and Berthiaume et al. (2010) reported increased microbial N fl ow, relative to N intake, in response to starch supplementation of pasture or alfalfa with elevated concentrations of NSC in continuous culture.
Bacterial effi ciency was not affected by time of cutting. Lee et al. (2003) reported linear and quadratic improvements for in vitro effi ciency of microbial protein synthesis when ryegrass (Lolium perenne L.) was supplemented with increasing amounts of WSC in the form of sucrose and inulin. However, Lee et al. (2003) also reported that the effi ciency of microbial protein synthesis was markedly reduced at the greatest concentration of WSC supplementation, likely as the result of N defi ciency in the fermenter vessel. In the present study, NH 3 -N concentrations remained well above the minimum indicated for optimizing microbial synthesis (5 mg/dL; Satter and Slyter, 1974) , and are therefore unlikely to account for the relatively reduced bacterial effi ciency. However, the presence of proteinbinding condensed tannins in birdsfoot trefoil may have inhibited rumen bacterial growth (Min et al., 2005), contributing to the values recorded for bacterial effi ciency. Compared with red clover and alfalfa, which contain minimal (0 to 3 g/kg DM) concentrations of condensed tannins, birdsfoot trefoil commonly contains moderate (25 g/kg DM) concentrations of condensed tannins and has been reported to reduce soluble protein and increase RUP when compared with alfalfa hay and silage (Grabber, 2008) .
Maceration
Only a few in vitro studies have used macerated forages, and these have not evaluated DM digestibility or fermentation responses (e.g., Hong et al., 1988) . In this study, apparent and true in vitro DM digestibilities are similar to the in vivo fi ndings of Petit et al. (1997) . These researchers reported no change in DM digestibility when timothy was fed as macerated or nonmacerated hay to growing lambs fed concentrate at 20 and 30% of their total DMI. Others found that maceration decreased DM digestibility of grass and legume forages (Chiquette et al., 1994; Agbossamey et al., 2000) . However, forages in these studies were generally more mature and contained greater ADF and NDF concentrations than those used in the current trial.
The fi ber concentration of alfalfa has been suggested to increase with maceration (Broderick et al., 1999; Agbossamey et al., 2000) , although such changes have not been observed for macerated timothy (Petit et al., 1994; Agbossamey et al., 1998) . These results indicate that increased fi ber concentration in alfalfa may be due to leaf loss during harvest, a particular concern for legume crops. Leaf loss of birdsfoot trefoil in the current study may help to explain reduced (-10%) concentrations of CP in macerated vs. nonmacerated treatments. Despite greater fi ber concentrations, macerated forages have previously been indicated to improve fi ber digestibility, likely on account of increased surface area for microbial attachment and reduced structural integrity of the cuticular layer (Hong et al., 1988) . Digestibility of NDF was not affected by maceration, indicating that the extent of conditioning may have been insuffi cient to improve fi ber digestion. The stand used to harvest the forage was 43% legume, 53% timothy grass, and 4% weeds. According to Longland and Byrd (2006) , C 3 plants such as cool-season grasses accumulate fructan as the main carbohydrate reserve, but C 4 plants such as legumes accumulate starch and do not produce signifi cant amounts of fructan. Starch production is self-limiting but there is no self-limiting mechanism for the production of fructan. The stems of C 3 grasses contain the greatest concentration of fructan, whereas in C 4 plants the leaves are the primary site of starch accumulation (Longland and Byrd, 2006) . Based on this information, the authors hypothesize that, due to a greater proportion of grasses than legumes in the stand, it is possible that the relatively greater concentration of NSC in the stem of the grasses may have offset the loss of NSC from leaves in the legumes. Alternatively, the tendency for a reduction in the apparent digestibility of ADF may refl ect minimal concentrations (0.06 mM; data not shown) of branched-chain VFA in macerated forages. Branched-chain VFA are necessary for the growth of cellulolytic bacteria (Russell and Sniffen, 1984) and Dehority et al. (1967) suggested that cellylolytic bacteria required concentrations ranging from 0.05 to 0.50 mM to maintain optimal activity.
The tendency for a reduction in molar proportions of acetate in response to macerated treatments coincided with a signifi cant reduction in the acetate:propionate ratio. Broderick et al. (1999) reported an overall increase in BW gain and reduction in milk fat concentration for cows fed macerated vs. conventional alfalfa silage in 5 feeding trials, indicating a shift toward glucogenic fermentation in response to macerated diets. Others have reported milk fat depression in dairy cows fed macerated forage (Mertens et al., 1990; Mertens and Koegel, 1996) . Analysis of temporal patterns in ruminal fermentation revealed an increase in the relative molar proportion of propionate across macerated treatments. This increase may refl ect a facilitated release of soluble cellular components from macerated treatments, as indicated by Savoie (2001) . This effect was most pronounced immediately postfeeding, and was not signifi cant over time.
Despite the changes in fermentation observed in response to macerated diets, N metabolism was not affected by maceration. Hong et al. (1988) reported improved microbial colonization of shredded compared with nonconditioned alfalfa. The absence of a maceration effect on N metabolism in the present study may have been infl uenced by the composition of the hay mixture used in this study, which was predominantly timothy. Unlike the cell walls of dicots, the primary and secondary cell walls of grasses may contain up to 4% ferulic acid (Vogel, 2008) , a hydroxycinnamate whose ether linkages are not cleaved by ruminal bacteria (Jung and Allen, 1995) . Increased microbial access to the cell walls of grasses through maceration may therefore be of limited value for N metabolism due to the presence of ferulate-ether linkages with lignin. Finally, confl icting reports on the effects of maceration on forage quality are frequently attributed to differences in the extent of conditioning. The level of conditioning may well infl uence microbial metabolism, as well as indicators of digestibility. The extent of maceration applied to forages in this study may not have been suffi cient to stimulate a response from the microbial populations.
Interaction between Time of Cutting and Maceration
The interactions between time of cutting and maceration recorded for true DM and OM digestibilities indicate that concurrent use of these management strategies had divergent effects on morning-and eveningcut treatments. Maceration of evening-cut forages reduced true DM and OM digestibilities, whereas it was without effect on morning-cut treatments. These variations in digestibility in response to maceration may be partially explained by differences in the harvest schedule of forages. Specifi cally, morning-and eveningcut hays were mechanically macerated 4 and 12 h after cutting, respectively. The increased fi eld wilting time of the PM-M treatment before to maceration may have increased shatter loss of leaves, helping to explain the apparent decrease in CP and increase in fi ber concentrations of subsampled hay, as well as the reduction in digestibility and total N supply relative to the PM treatment. The infl uence of these changes in chemical composition on nutrient digestibility is supported by a reduced NDF digestibility and the reduced molar proportions of acetate recorded when evening-cut forage was macerated. Conversely, when the AM-cut treatment was macerated shortly after cutting, apparent digestibility of fi ber and molar proportions of acetate did not change in response to maceration.
It must be emphasized in general that, in the controlled conditions of in vitro systems, there is no absorption of nutrients and end products of fermentation, which are important factors infl uencing ruminal nutrient digestibility. Therefore, in vitro vs. in vivo data should be interpreted cautiously to avoid bias. That said, the current study supports the animal performance fi ndings of Savoie (2001) , who found that environmental conditions affected the impact of maceration on feed quality of forage. Under ideal environmental conditions of low humidity, maceration resulted in rapid drying time and decreased respiration and protease activity. However, under humid or rainy conditions, maceration increased fi eld respiration and protease activity, thereby increasing loss of soluble sugars and degradability of true protein. Although there were no rainfall events during the curing process in the current study, the PMcut forage experienced more humid conditions via morning dews, which may have resulted in differences in curing rate and ultimately digestibility.
Conclusions. In summary, the independent use of evening-cutting improved fi ber digestibility and tended to improve DM digestibility. Additionally, the tendency for enhanced bacterial-N fl ows provided in vitro verifi cation that evening-cutting improved N metabolism. Maceration had no effect on nutrient digestibility or N metabolism in vitro. However, signifi cant changes in the molar proportions of VFA were recorded in response to maceration, indicating a shift toward glucogenic fermentation. In practice, this benefi t needs to be balanced against the potential for leaf loss and added expense of operation. Interactions of time of cutting and maceration effects indicate that the combined use of these management techniques afforded no improvement for in vitro digestibility or metabolism when applied to morning-cut hay, but reduced fi ber and DM digestibilities when applied to evening-cut hay. Due to inherent limitations of in vitro systems, the results of this study should be interpreted with caution. Further in vivo studies are needed to verify the impacts of the combined treatments on animal performance.
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